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Introduction
As a novel two dimensional carbon nanomaterial, graphene has attracted wide attention due to its unique properties such as large surface area, outstanding mechanical strength, and high electrical and thermal conductivities [1, 2] . As an important application, graphene has been used as an ideal substrate to support various functional materials, in order to improve their properties for a variety of applications [3] [4] [5] . A case in point is graphene-Mn 3 O 4 composite used as an electrode material for lithium-ion batteries (LIBs), supercapacitors and fuel cells [6] [7] [8] .
Mn 3 O 4 has many advantages in this field such as high theoretical capacities (~936 mA h g −1 ), high abundance and low cost [9, 10] . However, some drawbacks such as severe volume change during cycling, and poor electrical conductivity (~10 −7 −10 −8 S cm −1 ) hamper its practical applications [6] .
Integration of Mn 3 O 4 with graphene can enhance the electrical conductivity, and restrain the volume variation of Mn 3 O 4 particles to some extent due to the interaction of Mn 3 O 4 with graphene. However, growing metal oxide nanocrystals on intrinsic graphene is extremely difficult, because the inert surface of graphene hardly adsorb precursor molecules/ions for crystal growth. In practice, to make graphene as suitable substrates for crystal growth, the graphene is often oxidised into graphene oxide (GO), that possesses many oxygen-containing functional groups on the surface (e.g., carboxyl, hydroxyl, carbonyl and epoxide groups) [11, 12] . To restore partly the lost electrical conductivity, reduced graphene oxide (rGO) is normally obtained by thermal or chemical reduction of GO. However, even after the reduction, many defects are still residual on the surface of rGO, leading to a dramatic decrease of its electrical conductivity and mechanical strength in comparison with intrinsic graphene.
Recently, graphene with few O-containing groups has been mass-produced, such as electrochemically exfoliated graphene (EEG) [13, 14] . Like intrinsic graphene fabricated by other exfoliation methods [15] , the EEG contains few defects and, therefore, has a higher electrical conductivity (235.9 S cm 1 ) ( Table 1 ) and stronger mechanical strength than rGO. It is expected that EEG-Mn 3 O 4 would display better electrochemical performance as a LIB anode material than rGO-Mn 3 O 4 . However, it was found that metal oxide crystals tend to grow and anchor at O-containing defect sites of GO [16, 17] , and therefore, the inert surface of EEG would not be a suitable base for growing crystals.
In addition, unlike hydrophilic GO, the hydrophobic EEG tends to aggregate in water via π−π interactions (Fig. S1 ) [18] [19] [20] [21] . Thus using a polar aprotic solvent, such as N,Ndimethylformamide (DMF), has to be considered in the solution synthesis of EEGMn 3 O 4 [13] . 
Experimental section

Sample preparation
EEG and GO. EEG was synthesised according to the published literature ( Fig. S2 ) [13] . Natural graphite flakes were used as an anode and Pt wire was used as a cathode GO was synthesised from natural graphite powders by a modified Hummers' method [23] . In a typical synthesis, 5 g of graphite powder and 5 g of NaNO 3 were added into This suspension was transferred into a 100 mL Teflon-lined stainless steel autoclave and maintained at 180 °C for 10 h. The product, HrGO-Mn 3 O 4 , was collected by centrifugation, washed with distilled water, and dried at 60 °C.
Sample characterisation
Specimens were characterised by using the following techniques. X-ray diffraction Keithley 2400 source meter. When a higher loading of Mn 3 O 4 (~60 wt%) was applied in EEG-Mn 3 O 4 , the nanocrystals are more evenly distributed on EEG than on rGO (Fig. 3) , although the average loading of Mn 3 O 4 (58.6 wt%) is also close to that in rGO-Mn 3 O 4 (56.8 wt%) (Fig. S3b) . The surface functional groups of GO provide preferred nucleation sites for the growth of Mn 3 O 4 nanocrystals, leading to the particle aggregation around the functional groups of GO [26] [27] [28] . Unlike GO, the EEG surface has much less oxygencontaining functional groups or defects. The deposition of oxide nanocrystallites on EEG replies on inter-molecular interactions. Therefore, the large contact area of EEG with polymerised precursors ensures a homogeneous distribution of Mn 3 O 4 nanocrystals on EEG (the crystal growth mechanism will be discussed later). Since the electrochemical performance of both EEG-Mn 3 O 4 and rGO-Mn 3 O 4 was improved with the increase of the oxide loading (discussed below), our further investigation of these materials focused on the high loading specimens without further noting. and Mn (Fig. 4b) . The intensity ratio of the C 1s to O 1s peaks from EEG-Mn 3 O 4 is much higher than that from rGO-Mn 3 O 4 , implying that a significant number of Ocontaining functional groups in GO still remain in rGO. The C 1s peak in the highresolution XPS spectrum of GO (Fig. 4c) can be divided into four components, which 14 are assigned to C-C (~284.6 eV), C-O (~286.6 eV), C=O (~287.6 eV) and O-C=O (~288.8 eV) groups, respectively [29, 30] . In contrast, there is only one distinct peak corresponding to C-C group from EEG, demonstrating that EEG contains few Ocontaining functional groups. After water bath treatment, the peaks related to Ocontaining groups were still observed in the spectrum of rGO-Mn 3 O 4 ( Fig. 4d) Raman spectra of GO and EEG ( (Fig. S5a) , but their crystallinity increased as the XRD peaks became sharper (Fig. S5b) . The peaks related to O-containing groups almost disappear in the C 1s XPS spectrum (Fig. S5c) 
Results and discussion
Microstructures of the composites
Electrochemical performance
The electrochemical performance of EEG-Mn 3 O 4 was firstly studied by cyclic voltammetry. The CV curve (Fig. 5a) shows three reduction peaks between ~0.8 and ~1.7 V in the first scan, which is assigned to the formation of solid-electrolyte interface (~936 mA h g −1 ). The excess capacities could be attributed to the formation of SEI film on the surface of the composite, which is commonly observed for other graphene-based metal oxides [5, 6] . Besides, the formed SEI film also results in large irreversible capacity losses and poor coulombic efficiencies in the initial cycles. Coating graphene hybrids with ultrathin TiO 2 nanofilms could effectively reduce their irreversible capacities and improve their initial coulombic efficiencies [35, 36] . (Fig. S6) , indicating that EEG is a better carbon substrate than rGO or HrGO no matter when the oxide loading is low or high.
Higher loadings of Mn 3 O 4 on EEG and HrGO were also prepared (Fig. S7) . The high electrical conductivity of EEG-Mn 3 O 4 is further confirmed by electrochemical impedance spectroscopy (EIS) measurements. Nyquist plots (Fig. 5d) show two overlapping semicircles in the high and medium frequency ranges, corresponding to the SEI film resistance (R f ) and the charge transfer resistance (R ct ), respectively [37, 38] . The R f and R ct values of the samples were simulated via a Randles equivalent circuit model (Fig. S8, Table 1 (Fig. S11) . We anticipate that these polymer molecules can be adsorbed on the surface of EEG via multiple connecting sites, and then aggregate into larger clusters due to strong inter-molecular interactions.
The adsorption of molecules on an inert surface is actually a balance of adsorption and desorption. When a small molecule is adsorbed on the surface via a single interaction site, its life time on the surface would be very short. In other words, the molecule may leave the surface before forming a larger cluster with other molecules.
For a polymer molecule with multiple interaction sites, when dissociation takes place at some sites, the linkage at other sites can still hold the polymer molecule on the surface, 20 making it easier to form a cluster. Therefore polymer precursor molecules may overcome the inert property of the EEG surface, allowing surface adsorption, formation of clusters, nucleation in the clusters and finally, forming crystallites.
Indeed, polymer like particles were often observed from TEM images of EEG nanosheets (Fig. S12) collected from this sample before the water bath treatment. These loose and irregular particles were basically amorphous, as the SAED pattern shows no diffraction rings corresponding to Mn 3 O 4 crystals. The XRD pattern shows only a strong peak corresponding to the stacking of graphene nanosheets (Fig. 6b) . On the other hand, existence of Mn in the polymer (Fig. 6a) After the water bath treatment, the polymer particles gradually decomposed and Mn 3 O 4 nanocrystals firmly deposit on the EEG surface (Fig. 1) . The process of aggregation of precursor molecules, followed by nucleation and crystal growth in the aggregates was often observed in the so-called reversed crystal growth mechanism [41, 42] . On the contrary, polymerization did not happen in the DMF suspension of EEG and Mn(acac) 2 without addition of water and only one peak of Mn(acac) 2 was observed from the mass spectrum (Fig. S10b) . SEM images of the EEG nanosheets collected from the synthetic suspension of DMF with Mn(acac) 2 , but without addition of water, designated EEG-Mn(acac) 2 , show scarcely any polymers on the EEG surface. A typical example is shown in Fig. S13a . On the other hand, many particles can be seen on the EEG nanosheets collected from the suspension with water, designated EEG-Mn(acac) 2 -H 2 O, as shown in Fig. S13b . In addition, Mn element was not detected in EDX spectrum of EEG-Mn(acac) 2 . After water bath treatment, the surface of EEG nanosheets from the suspension without water addition is also clean (Fig. S13c) Step (i), Mn(acac) 2 molecules are hydrolyzed with an assistance of a small amount of water in DMF, and then polymerized into large molecules.
Step (ii), the polymer molecules further aggregate into large clusters with a strong inter-molecular interaction and are adsorbed on the EEG surface via multiple interaction sites.
Step (iii), during the water bath treatment, the polymer molecules undergo further hydrolysis, dehydration, leading to the formation of Mn 3 O 4 nanocrystals on the EEG surface.
Scheme 1 Schematic illustration of the growth mechanism of Mn 3 O 4 nanocrystals on the EEG surface.
To prove the universality of this method, other Mn-containing precursors such as manganese acetate was used to prepare Mn 3 O 4 nanoparticles on the surface of EEG.
XRD pattern and SEM image (Fig. S15) 
Conclusions
In summary, a facile method for the preparation of EEG-Mn 3 O 4 under gentle conditions has been developed. The long standing difficulty of growing metal oxide nanocrystals on intrinsic graphene due to the inert nature of the graphene surface has been overcome by deposition of polymerized precursor. The produced composites show much better electrochemical properties than the composites using rGO. The new method is environmentally friendly because the pre-treatment of graphene can be avoided and the temperature of crystal growth can be reduced. The method can be used for crystal growth of many other metal oxides on intrinsic graphene surface, in order to make new energy materials for a wide range of applications.
